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Nanocrystalline Mn-substituted lithium ferrites were synthesized by sol–gel method. The structural data
show that, the cubic phase was converted into tetragonal phase observed by XRD analysis. X-ray
photoelectron spectroscopy has been used to characterize valence state of materials and the composition
of the products. The electrical property study was carried out by using two probe methods and it is
revealed that the all Mn substituted ferrites are semiconducting in nature. Thermoelectric power
measurement also conﬁrms 1.5 6 xP 0.0 N-type and 2.5 6 xP 2.0 shows the P-type semiconducting
nature of Mn-substituted lithium ferrites. The effect of manganese substitution in lithium ferrites has
a crucial role on the structural and electrical properties of the system.
 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
Lithium ferrites have been studied and developed for many
years because of their electrical, magnetic and structural properties
that provide applications of scientiﬁc and technological interest
[1–3], determined by their chemical composition and microstruc-
ture [4,5]. Many transition metal cations such as Mn, Cr, Co and
Ti can be introduced into the lattice of the magnetic structure,
which is related to a large number of applications [6–9]. Three
types of ferrites can be considered: spinel, garnet and hexaferrite
[10]. In the spinel structure of general formula AB2O4 there are
twice as many octahedral (B) sites as tetrahedral (A) sites. If M2+
occupies only the A sites, the spinel is normal; if it occupies only
the B sites, the spinel is inverse. Mixed-metal oxides have a very
important role in the ﬁeld of electronic devices, as ﬂuids, catalytic
activity and sensors due to the very important structural and elec-
trical properties. Lithium ferrites in the spinel phase, Li0.5Fe2.5O4,
have a square hysteresis loop, high magnetization and high Curie
temperature. These properties are useful for technological applica-
tions such as the development of low-cost material microwave
devices. Various methods have been developed for the synthesisof ferrites [11–15] but, in this study, the sol–gel autocombustion
is used. Lithium and metal substituted lithium ferrites are more
applicable in the ﬁeld of lithium batteries, therefore we have devel-
oped the Mn-substituted lithium ferrite system by using sol–gel
method. Sol–gel method is a useful technique when compared to
other methods, due to the better homogeneity, smaller particle size
and modiﬁcation of surface area. In the present investigation, we
have developed Mn-substituted lithium ferrites by using the sol–
gel method and characterized by X-ray diffraction to structural
analysis, electrical properties of system also studied by two-probe
method. Thermoelectric properties of Mn-substituted lithium fer-
rites were also carried out. The electrical and structural properties
of Mn-substituted lithium ferrites were characterized by using X-
ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS)
and electrical study by using two probe electrical circuits.2. Experimental techniques
Polycrystalline ferrite samples having the general formula, Li0.5-
Fe2.5xMnxO4 (x = 0.0, 0.5, 1.0, 1.5, 2.0 and 2.5) were synthesized by
the sol–gel method and ﬂow diagram for the synthesis technique is
shown in Fig. 1. High purity AR grade ferric nitrate, manganese ni-
trate, lithium nitrate and citric acid were used for synthesis. The
metal nitrate solutions were mixed in the required stoichiometric
ratios in distilled water. The pH of the solution was maintained be-
tween 9 and 9.5 by using ammonia solution. The solution mixture
was slowly heated to 373 Kwith constant stirring to obtain a ﬂuppy
mass. The precursor powder was sintered at 973 K for 8 h. The
Fig. 1. Flow diagram for sol–gel technique.
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and uniaxially pressed at a pressure of 8 tons/cm2 to form pellets.
2.1. Characterizations
The phase formation of the samples was conﬁrmed by X-ray dif-
fraction studies using a Philips PW-1710 X-ray diffractometer withFig. 2. TGA-DTA SpectrumCuKa radiation (k = 1.54056 Å). The SEM micrograph of the sam-
ples was obtained using scanning electron microscope (JEOL JSM
6360). The XPS study was carried out by Phi560 XPS/AES/SIMS
UHV system. Electrical properties of all the samples were studied
by using two-probe method.
3. Results and discussion
3.1. Phase formation
3.1.1. Thermogravimetric analysis
TG and DTA curves for the dried sample of Li0.5Fe1.5Mn1.0O4
sample are presented in Fig. 2. As shown in the ﬁgure, in the TG
curve, the percent weight loss with the temperature is observed.
A continuous weight loss was observed from TG curve up to
600 C of the sample in the formation of a stable oxide compound.
However DTA curves show one exothermic peak around 290 C. At
this temperature, a decomposition of mixed-metal citrate
complexes by fragmentation and thermal degradation of organic
content occurs and this results in the formation of stable mixed-
metal oxides.
3.1.2. XRD studies
X-ray diffraction patterns of the Mn-substituted lithium ferrite
samples are shown in Fig. 3. A deﬁnite line broadening of the
diffraction peaks indicated that, the prepared ferrospinels are in
the nanometer range. From the X-ray diffraction peaks, average
particle size was estimated using Scherrer’s formula.
t ¼ 0:9k=b cos h
where, symbols have usual meaning.
The manganese substituted lithium ferrite systems, Li0.5Fe2.5x
MnxO4 are seen to be cubic in the range 1.5 6 xP 0.0 and tetrago-
nal spinel phase in the range of 2.5 6 xP 2.0. The tetragonal
structure for x = 2.0 and 2.5 is due to the Jahn–Teller effect by
Mn3+ ions with d4 electron conﬁguration [16–18] and more than
50% manganese ions at the B sites to cause tetragonal distortion
in the lattice. The lattice constant increases with substitution of
manganese content up to x = 1.5, there after decreases due to the
tetragonal distortion. The increase in the lattice constant with anfor Li0.5Fe1.5 Mn1.0O4.
Fig. 3. X-ray diffraction patterns of Li0.5Fe2.5xMnxO4 system.
Table 1
Lattice constant, crystallite size and x-ray density for Li0.5Fe2.5xMnxO4 system.
Composition
(x)
Lattice constant
(a) Å
Crystallite size
(t) nm
X-ray density (dx)
gm/cm3
0.0 8.30 29 4.8
0.5 8.32 32 4.7
1.0 8.33 32 4.7
1.5 8.39 32 4.6
2.0 a = b = 5.6724, c = 8.747 33 4.9
2.5 a = b = 5.4194, c = 9.666 33 5.0
Fig. 4. SEM images of Li0.5Fe2.5xMnxO4 system x = 0.0, 1.5 and 2.5.
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ions as compared to Fe3+ (0.64 Å) ions as shown in Table 1. The
X-ray density (dx) was calculated using the following relation.
dx ¼ 8M=Na3
where, N = Avagodro’s number (6.023  1023 atom/mole),
M = Molecular weight, a = Lattice constant.
The values of lattice constant (a), x-ray density (dx), crystallite
size and Curie temperature are summarized in Table 1.
3.2. Scanning electron microscopy
The SEM images of Mn-substituted lithium ferrites are shown in
the Fig. 4. It is observed that, the average grain size goes on
increasing on substitution of Mn content. The average grain size
was smaller than 0.1 lm for all the compositions.
3.3. X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) has been widely used
to characterize the valence state of materials. Binding energies
(BE) are used to identify different elements and their valencestates. Moreover, using the relative area under the deconvoluted
XPS bands, we can obtain a semiquantitative estimation of the va-
lence states of the elements in the mixed-valent compounds. Fig. 5
presents the typical full-scale XPS spectra of Li0.5Mn1.5Fe1.0O4. The
ﬁgures show that the binding energies relating to Li 1s, Fe 2p3/2,
and Fe 2p1/2 are about 55.8, 710.8, and 724.7 eV, respectively.
The data are consistent with the values reported for lithium ferrite
Fig. 5. XPS spectra for Li0.5Mn1.5Fe1.0O4 sample.
Fig. 6. Electrical conductivity study of Li0.5Fe2.5xMnxO4 system. Fig. 7. Thermoelectric power measurement study of Li0.5Fe2.5xMnxO4 system.
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sition of the products. The Fe 2p spectra recorded from one sample
are characterized by binding energies of the Fe 2p3/2 and Fe 2p1/2
core levels of 710.2 and 723.9 eV, respectively, which is indicative
of the presence of Fe3+. The low-energy band located at about
54 eV is assigned to Li 1s. The band at about 530 eV is assigned
to O 1s. Mn 2p3/2 and Mn 2p1/2 are responsible for the bands at
about 642.5 and 654 eV, respectively. Chowdari has reported that
the Mn 2p3/2 XPS binding energy of Mn3+ and Mn4+ ions is at
641.9 and 643.2 eV, respectively. In our experiment, the Mn 2p3/2
binding energy of the samples is in this region, which indicates
that the Mn valence in Li0.5Mn1.5Fe1.0O4 is in the mixed valence
state. The relative amounts of Mn3+ and Mn4+ ions in Li0.5Mn1.5
Fe1.0O4 can be estimated by deconvoluting the asymmetric Mn
2p3/2. XPS spectra, using the dominant Mn3+ and Mn4+ BE values
of 641.5 and 654 eV, respectively, as shown in Fig. 5.
3.4. Electrical study
Electrical resistivity (q) of samples was studied over the tem-
perature range from room temperature to 623 K and is shown in
Fig. 6. It can be seen that the resistivity decreases with increasing
temperature for all samples. The observed behavior clearly indi-
cates that the present Mn-substituted lithium ferrites have semi-
conductor like behavior. The change in electrical resistivity is due
to the presence of Fe2+ ions. The decrease in resistivity due to the
mobility of the extra electron, comes from Fe2+ through the crystal
lattice. The ﬁgure shows the plots of log q vs. 1000/T for all the
samples which are almost linear without any break indicating their
semiconducting nature. The relationship q = qo exp DE/KT (where,
q = resistivity in ohm cm, qo = constant or weak function of tem-
perature, DE = energy of activation, K = Boltzmann constant,
T = absolute temperature in K) is found to be obeyed for all compo-
sitions. A detailed study of electrical resistivity shows that as Mn
ion concentration increases electrical resistivity increases. The
maximum resistivity was observed for Li0.5Mn2.5O4 sample.
3.5. Thermoelectric power measurement
The composition variation of see back coefﬁcient as a function
temperature is shown in Fig. 7. The samples x = 0, 0.5, 1.0 and
1.5 show N-type and x = 2.0 and 2.5 show P-type conductivity.
The conduction mechanism in N-type specimens is predominantly
due to the electrons from Fe2+ to Fe3+ ions, whereas in the p type itis due to hole transfer from Mn3+ to Mn4+ ions. The appearance of
‘p’ type carriers in the present case is due to the hole transfer in
Mn3+ to Mn4+ while Fe2+ to Fe3+ gives rise to ‘n’ type charge
carriers.
4. Conclusions
In conclusion, a nanocrystalline Mn substituted lithium ferrite
sample has been prepared successfully using the sol–gel method.
The structural data show that, the cubic phase was converted into
tetragonal phase observed by XRD analysis. XPS study shows that
valence state of materials. The DC conductivity is increasing with
increasing temperature for all the samples indicating that Mn-
added lithium ferrites have semiconductor-like behavior. Thermo-
electric power measurement also conﬁrms 1.5 6 xP 0.0 N-type
and 2.5 6 xP 2.0 shows P-type semiconducting nature.
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